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This manuscript proposes a novel hybrid artificial intelligence (AI) approach for a unified power quality conditioner (UPQC) designed specifically for electric vehicle charging stations (EVCSs). The aim is to integrate multiple vehicle-to-grid (V2G) functionalities, thereby mitigating the challenges associated with electric vehicle (EV) grid integration and the incorporation of distributed energy resources (DERs). The hybrid technique presented in this manuscript combines the gradient boosting decision tree (GBDT) algorithm and the jellyfish search (JS) algorithm, referred to as the GBDT–JS technique. This innovative approach involves utilizing the charging station to offer EV charging services and facilitating the discharge of EVs to the power grid. Integration of the UPQC with DERs, such as photovoltaic (PV), is implemented to decrease the power rating of converters and fulfill power demand requirements. The initial converter within the UPQC is employed to manage the direct current (DC) voltage, while the second converter oversees the power charging or discharging processes of EVs. Additionally, it mitigates the impact of battery voltage fluctuations. The UPQC with vehicle-to-grid functionality minimizes the load pressure on the grid, preventing over-current issues. The presented approach regulates the UPQC converters to mitigate power quality issues such as harmonic currents and voltage sags. Subsequently, the effectiveness of this technique is demonstrated using the MATLAB/Simulink operating platform. The evaluation of GBDT–JS performance involves a comparative analysis with existing techniques. This assessment reveals that the proposed method effectively alleviates power quality issues, specifically reducing total harmonic distortion (THD), and delivers optimal outcomes.
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1 INTRODUCTION
With the development of electric vehicles (EVs), a marvelous impulse in the automotive industry occurred to minimize the high consumption of greenhouse gases and fossil fuel resources (Cardoso et al., 2014). Electric vehicle charging stations (EVCSs) have gained prominence as the predominant infrastructure, particularly in urban areas (Rezaee et al., 2013). EVs serve as distributed energy resources (DERs), and their accessibility plays a crucial role in influencing investments in DERs and the strategic planning of the power supply network (Pang et al., 2012; Huang et al., 2021; Ravindran et al., 2023). The fundamental challenges are obtaining more service power grids from electric vehicle charging stations (Liu et al., 2013a) and maximizing the benefits derived from EVCSs for the power grids (Crosier and Wang, 2013). These EVCSs are utilized as power filters in bandwidth regulation, load shifting, generation balance, and STATCOM (Wang and Wang, 2013; Liu and Liu, 2021a; Kumar et al., 2023). In their work, S. Devassy and B. Singh (Devassy and Singh, 2018; Liu and Liu, 2021b; Oubelaid et al., 2022a) devised an integrated approach incorporating a unified power quality conditioner (UPQC) with a three-phase solar PV system. The study involved an analysis of dynamic performance under varying irradiation levels and instances of grid voltage sags or swells. Notably, their investigation did not take into account the impact of current harmonics and reactive power compensations. In their research, R.H. Yang and J.X. Jin (Yang and Jin, 2021; Kakouche et al., 2022; Sun et al., 2022) employed a cost-effective energy storage device integrated into the UPQC for a protective strategy. This scheme involved utilizing both a series-side converter and a parallel-side converter to mitigate power oscillations. However, their study did not take into account the influence of balanced grid current and voltage harmonics.
When grids are attached to EVs, the local distribution network faces disturbances from charging devices like power quality (PQ) factors in voltage fluctuations, voltage imbalances, and harmonics (Jargstorf and Wickert, 2013). The integration of EVs with the grid introduces challenges to power quality parameters, such as voltage imbalances, fluctuations, and harmonics, impacting the local distribution network (Liu et al., 2013b; Sun et al., 2019; Hamed et al., 2023). Numerous studies have been dedicated to addressing and mitigating the adverse effects of EV chargers on power quality (Jian et al., 2014). Active power filters (APFs) are chosen because of their fast and more powerful compensation abilities, which are used to overcome the problems of PQ (Di Giorgio et al., 2014; Li et al., 2022a; Hamed et al., 2022). Generally, the voltage harmonics and supply voltage disturbances are reduced by the series inverter (Leemput et al., 2015). Parallel-connected inverters play a role in alleviating issues related to current distortions, current harmonics, and reactive power loads, as evidenced by Tanaka et al. (2013); Karthikeyan et al. (2022); Lin et al. (2022). The reduction of both present and voltage-based distortions is achieved through the utilization of a UPQC, which incorporates series and parallel APFs along with a shared direct current (DC) link (Xia and Li, 2013). Hence, it improves the quality of power. Due to the restricted cost and complex control of the UPQC, its utilization is limited in local distribution networks (Oubelaid et al., 2022a). In their studies, Yan and Wen (2021); Gao et al. (2022); Yang et al. (2022) introduced the DC-UPQC approach, incorporating a series-side distribution static synchronous compensator (DAB), a parallel-side DAB, and a superconducting magnetic energy storage (SMES) system. Their analysis focused on addressing DC voltage oscillations arising from AC-side asymmetrical faults. However, the study did not emphasize power factor correction (PFC) capacity or compensation for reactive power. In their work, S. Devassy and B. Singh (Devassy and Singh, 2017; Ding et al., 2023) introduced a p–q theory centered on the integration of solar photovoltaic with a UPQC. This approach not only involves clean energy generation but also enhances power quality, thereby augmenting the overall system functionality. However, the study does not take into account the impact of voltage and current harmonics.
EVCSs support UPQCs for local power supply networks, which engage in higher revenue investments and improve power quality (Pal et al., 2012). To interconnect renewable power generation systems, it is essential to sustain the quality of the source voltage within the specified tolerance band to prevent faults during grid-mode operations (Bai et al., 2015; Kraiem et al., 2021; Zhang et al., 2021). The UPQC plays a crucial role in preserving the source voltage quality when faults occur in renewable energy systems, such as photovoltaic (PV) and wind (Millnitz dos Santos et al., 2014). The vehicle-to-grid (V2G) mode of operation is a focal point in distributed systems (Karanki et al., 2013; Mohamed et al., 2021; Dharavat et al., 2022). The charging and discharging of an energy storage device (ESD) is utilized in a UPQC to stabilize the direct current voltage for the series and parallel APFs (Hegazy et al., 2013). One of the challenges arises from the infrequent charging/discharging of EVs, taking into account the owners' battery lifespan and preferences (Lee and Moon, 2014; Aymen et al., 2021; Shen et al., 2023). Another issue stems from the diverse voltage levels found in EV batteries at a single station due to different battery types and charging states, making direct connection to direct current impractical. As a result, the adoption of converters emerges as an effective solution for EV charging (Moreno et al., 2008). In their publication, Ye et al. (2018) and Yang et al. (2023) explored a phase angle control technique detailing the adjustment of displacement angles to modify the online VA loading. They presented a two-stage algorithm designed to optimize the selection of shunt and series converters, aiming to minimize their ratings while maximizing the overall ratings of the UPQC. Notably, the study did not delve into the impact of voltage harmonics and PFC capabilities. In their research, Meng et al. (2022) and Jiang and Xu (2023) introduced a control strategy tailored for a single-phase UPQC with the aim of mitigating the impact of grid current harmonics. The series converter in their approach incorporates DC-link voltage feedback to mitigate the influence of voltage ripple. However, the studies do not address the effects of SMES or power compensation.
The main contributions of this work are listed as follows:
• Implementation of an advanced solar charging station with power quality improvement features using the gradient boosting decision tree (GBDT)–jellyfish search (JS) technique.
• Developing an easy implementation method using the MDSOGI-MPC technique for synchronization of the grid and solar PV system.
• Developing a fast and precious load estimator in dynamic conditions for optimal performance of voltage source converters (VSCs).
• The regulation of active power and reactive power is activated based on the system’s needs, such as ride-through operation or point of common coupling (PCC) voltage assistance. The subsequent control state involves determining the cost minimization function.
The presented manuscript introduces a hybrid approach for UPQC-based EVCSs, aiming to amalgamate multiple V2G functions and mitigate the effects of EV grid integration and DERs. This hybrid technique incorporates the GBDT algorithm and jellyfish search (JS), collectively referred to as the GBDT–JS technique.
2 RECENT RESEARCH WORKS: A BRIEF REVIEW
Several research studies documented in the existing literature explored UPQC-based VSCs in conjunction with distributed energy resources, employing diverse methods and characteristics. Some of these studies are highlighted as follows: D. Jaraniya and S. Kumar (Jaraniya and Kumar, 2021; Bai et al., 2022; Jiang and Xu, 2024) developed a zero-attractor joint optimization-based normalized least mean square (ZAJO-NLMS) technique to enhance PQ. The various parallel PV array VSCs were incorporated with CS. The central PV system was linked to the grid via the VSC and a battery storage bank, while the remaining PV systems were allocated for secondary purposes. The developed approach aimed to analyze V2G scenarios with and without photovoltaic sources, encompassing renewable generation from grid-to-vehicle (G2V) and the grid-interactive mode with nonlinear load dynamics. A bidirectional converter was employed to regulate the voltage of the direct current bus. The proportional–integral (PI) controller was utilized to manage the voltage. The introduced approach extracted the fundamental load current and was utilized to control the CS. In their work, Jin et al. (2022) introduced an electric vehicle charging station incorporating a UPQC and an SMES system. Their system aims to regulate the power quality on both the grid and load sides, addressing challenges arising from the integration of EVs into the grid. Notably, the study does not account for the impact of PFC capability.
M Rekik and L Krichen (Rekik and Krichen, 2021; Wang et al., 2021; Shirkhani et al., 2023) developed the grid frequency control method for power flow control for PVs to the grid. The implemented system integrated PV and plug-in electric vehicle (PEV) components to oversee active power management and offset nonlinear load currents. The devised strategy comprised two modules: a neuronal nonlinear (NL) load current identification system and a grid frequency control algorithm. The initial unit was employed to identify the harmonic component of the line current and adjust the references for PVs and PEV converters. The power flow control between PVs and the electrical network was obtained using the second unit. Kar et al. (2021) introduced a time-domain optimization method aimed at diminishing harmonics in the output voltage and current waveforms when dealing with RL load. The optimization constraints taken into account included the total harmonic distortion of both current and voltage. The study also involved an examination of the impact of variations in load parameters on the harmonic content of load current and voltage. Routray et al. (2019) introduced a modified particle swarm optimization (MPSO) designed to minimize harmonics in a three-phase, eleven-level hybrid cascaded multilevel inverter (HC-MLI). The HC-MLI was analyzed to determine optimal switching angles aimed at eliminating odd harmonics from the output voltage.
SMES stands out among the proposed technologies for daily energy storage in electric utilities due to its distinctive feature: it avoids converting stored electrical energy into another form like mechanical, thermal, or chemical energy. Instead, the electrical energy is directly stored as a circulating current within a sizable superconducting magnet. SMES represents a straightforward approach to storing electrical energy, leveraging the dual nature of electromagnetism. Consequently, one of the advantages of SMES lies in its inherent high storage efficiency, as it circumvents the energy conversion processes. The anticipated round-trip efficiency of a substantial unit is projected to be 90 percent or higher. Zhong et al. (2016a), Mohanty et al. (2022), and Wang et al. (2022) explained that the topology of UPQCs uses a microgrid (MG) in an EVCS. Within the MG, EVs were interconnected in parallel using a dual-layer direct current structure, which was strategically implemented to mitigate voltage fluctuations in the unified power quality conditioner. The management of an appropriate power quality conditioner addresses the challenges associated with EV charging by allowing direct electricity supply from the grid and is employed to rectify power quality issues. To counteract power interruptions during sudden power distribution, discharge control was applied in a time-proportional manner to the electric vehicles, while the CS UPQC was in operation. When guaranteeing the charging of EVs, the introduced system minimized power quality issues. P. Kumar Kar (Kumar Kar et al., 2019; Oubelaid et al., 2022b) innovated a switching technique based on the whale optimization algorithm (WOA), requiring a reduced number of power semiconductor devices, thus enhancing its cost-effectiveness for various applications. This WOA-based switching method delivers improved inverter response within a shorter computational time, demonstrating heightened efficiency and superior performance. Srndovic et al. (2016) introduced a novel optimization approach utilizing staircase modulation to minimize the total harmonic distortion (THD) in voltage and current for a single-phase multilevel inverter. This method facilitates the computation of optimal switching angles, considering all switching harmonics, which differs from prior research that primarily focused on frequency domain analysis with a restricted range of harmonic numbers.
Vinothkumar and Kanimozhi (Li et al., 2022b; Vinothkumar and Kanimozhi, 2022; Duan et al., 2023) developed the predictive phase dispersion modulation (PPDM) technique for compensating the current harmonics on the load side and the voltage sag or expansion on the source side because of loads. Roberge et al. (2015) employed a parallel computing approach to determine the optimal switching angles for harmonic minimization in multilevel inverters. The study focuses on uneven DC voltage sources and utilizes graphics processing units (GPUs). The research explores how minimal THD values and switching angles vary with changes in inverter level count and modularity. Sharifzadeh et al. (2019) introduced an adapted form of selective harmonic mitigation pulse amplitude modulation (SHM-PAM) capable of neutralizing all triplen harmonic orders. This modification is particularly suitable for single-phase applications using five-level voltage source inverters. The unified power quality conditioner was connected to the developed system, and the shunt and series converters of the suitable power quality conditioner were controlled by the developed approach. The conventional DC link capacitor was linked between the series and shunt converters. The key innovation of the proposed approach lies in maintaining a constant DC link voltage and regulating the switching pulse control of the cascaded H-bridge multilevel inverter (CHBMLI) based on variations in current on the load side. Additionally, the method effectively handles the unbalanced voltage on the source side. The developed method analyzes issues like sag, swell based on power electronics, and various nonlinear loads.
Roberge et al. (2014) put forward a method for determining the optimal switching angles in multilevel inverters with diverse DC sources. They recommend a parallel implementation of the genetic algorithm (GA) using a GPU. Diong et al. (2013) devised an approach to reduce THD or frequency-weighted THD (WTHD) in the output voltage of single-phase multilevel inverters. The modulation involves the use of a staircase, with the option to either eliminate the lowest-order harmonics or retain them. Sarita et al. (2020), Balan et al. (2022), and Afzal et al. (2023) suggested the fuzzy logic controller (FLC) and artificial neural network (ANN) for hybrid system power enhancement. The devised approach was integrated with both solar PV and wind energy (PV-WE), coupled with energy storage systems (ESSs) and EVs. This proposed method accounts for bidirectional power flow involving V2G and G2V facilitated through an electric vehicle aggregator (EVA). The source-to-load power flow is regulated by an FLC, ensuring the maintenance of power quality on the load side through the application of a UPQC. The ANN approach tracked maximum power. Gowri Shankar and M. Ramasamy (Gowrishankar and Ramasamy, 2019; Panchanathan et al., 2023; Zhang et al., 2023) developed the modified power angle control (PAC) method for UPQC-connected renewable energy systems. The main objective of the devised approach is to alleviate the voltage–ampere (VA) load on the shunt (APF) through the utilization of reactive power. The integration of PVs with UPQCs and the application of the synchronous reference frame (SRF) by the developed method aim to enhance the quality of management. The analysis of the developed method shows the performance of PV-UPQC based on grid disturbances like voltage sag, varying load, swell, and solar irradiation change. S S et al. (2021a), Venkatesan et al. (2022), and Shanmugam et al. (2023) suggested reinforced learning algorithms for solar-integrated UPQCs. The recommended approach involved the simultaneous implementation of reactive power control and a unit vector template. The main objective of this proposed method was to meet the load demands while concurrently minimizing the power rating of the converters. The nonlinear load-caused distortion was eliminated using the recommended method.
Recent research shows that power quality is a remarkable contributing factor. The utility grid is one of the PQ problems because of the electronic devices’ power and the combination of DERs. Some PQ issues are flickers, voltage dips, and supply and harmonic interruptions. When PQ is less, some losses occur. Integrating EVs with distributed renewable resources holds paramount significance. EVs play a crucial role in controlling frequency, reactive power, and active power, serving three operational modes: vehicle-to-building (V2B), vehicle-to-grid (V2G), and vehicle-to-home (V2H). Further research is necessary to explore the integration of various electric vehicles into the structure of EVCSs for the development of UPQCs. This UPQC, coupled with an ESS, addresses output fluctuations in compensating renewable energy, regulates power flow, and enhances generation reserve, voltage profile, and PQ. The battery life is impacted by the simultaneous functions of V2G, involving multiple charging/discharging cycles. The integration of numerous EVs with a UPQC is imperative for the topology of EVCSs. The incorporation of multiple V2G functions adds complexity and may lead to PQ issues. Therefore, power quality is sustained through the application of various filtering techniques and compensators, even when facing load variations under static and faulty conditions. The utility grid PQ at the distribution side is improved using the UPQC, a FACTS device. PQ is improved by compensating for reactive and real power using the UPQC. Although the EVCS has been incorporated into the UPQC-based DERs, there is a scarcity of studies addressing this integration. Connecting UPQC-DG with EVs gives rise to significant fluctuations in the DC side voltage. To address voltage fluctuations and enhance power quality, various methodologies have been proposed, including FLC and ANNs. FLC requires a substantial amount of data and becomes impractical for scenarios with data counts significantly lesser or greater than historical data. Particle swarm optimization and genetic algorithms, while effective, are hindered by their slow optimization process and the inability to promptly identify the optimal solution. Additionally, an ANN demands extensive data for its operations, prompting the need for this research to overcome these drawbacks.
3 CONFIGURATION OF AN EVCS-BASED UPQC BASED ON THE PROPOSED APPROACH
The management of EV charging is employed to mitigate the impacts of EV-to-grid connections, but it does not address issues related to harmonics. To capitalize on the benefits of SMES, such as high efficiency, extended service life, and elevated power density, this paper incorporates SMES to alleviate the effects of integrating EVs into the grid. The connection of EVs to the grid involves the use of converters, and the increasing use of converters contributes to the generation of harmonics, consequently diminishing power quality (Zhong et al., 2016b; Zhong et al., 2016c; Campanhol et al., 2019). The present paper introduces the hybrid GBDT–JS technique as a solution to power quality challenges. In this approach, a V2G-based UPQC is taken into account to alleviate voltage current loading, and during sag conditions, active power is transmitted to the grid through the V2G mode. The operation of EVCSs is synchronized with the UPQC, followed by the coupling of PV and SMES to the DC modular sub-grid. Under voltage-sag conditions, the proposed technique enhances grid fault protection and diminishes VA loading on the UPQC. The overall structure of UPQC-based EVCSs is displayed in Figure 1.
[image: Figure 1]FIGURE 1 | Structure of the UPQC-based EVCS.
The system includes a series-side converter (SSC), a DC-side capacitor, a parallel-side converter (PSC), an EVCS, an SMES, and a PV module. The PV module is connected to the DC bus using a boost converter. Various loads, encompassing both nonlinear and linear loads, are integrated into the system.
3.1 Modeling of solar photovoltaic
Solar photovoltaic (SPV) panels harness solar energy to generate power. Within the SPV panel (Khorasani et al., 2017), a portion of solar energy is transformed into electricity, while the remaining amount is converted into heat. Consequently, the power output of the SPV panel is contingent on both the temperature and solar radiation. The SPV panel output power is expressed in Eq. 1 as follows:
[image: image]
Here, solar radiation is denoted as [image: image].The cell temperature and variations in power according to changes in temperature are described using Eq. 2 as follows:
[image: image]
Here, [image: image], [image: image], and [image: image] denote a percentage drop in power corresponding to the temperature of the cell at which power is to be considered ambient temperature and cell temperature. The rated maximum power output [image: image] is determined using Eq. 3 as follows:
[image: image]
Here, [image: image] and [image: image] are expressed as the maximum voltage and current ratings, respectively. Next, the net power produced from the SPV panel [image: image] is described using Eq. 4 as follows:
[image: image]
Here, [image: image] specifies the count of the SPV panel. The photovoltaic system transfer function is described using Eq. 5 as follows:
[image: image]
The structures of (a) PV with a boost converter and (b) photovoltaic control are depicted in Figure 2. The maximum power is obtained using a boost converter. Here, the control of DC voltage is not corrected. Only the highest operating point of PV is considered.
[image: Figure 2]FIGURE 2 | Structure of (A) PV with a boost converter and (B) photovoltaic control.
3.2 Charging and discharging control of EVs
The DC modular sub-grid is established through the parallel connection of the EVCS, PV, and SMES to the DC bus. The PV, facilitated by a boost converter, is linked to the DC bus, while SMES is integrated with superconductivity coils (SC) and a DC chopper (Al Balushi, 2020; S S et al., 2021b; Amini and Jalilian, 2021). The system incorporates five charging stations connected to the EVCS, which are designed to efficiently charge EV batteries. A battery management system (BMS) is responsible for detecting the state of charge (SOC) of the EVs and orchestrating changes in the power operating mode by compensating for the SOC.
3.2.1 DC charging piles
The structure of the charging pile is displayed in Figure 3. Using the buck/boost circuit, the charging bank is modeled. By controlling the on and off states of [image: image] and [image: image], energy transfer is achieved between EVs and the DC bus. Charging of an EV occurs when [image: image] is on and [image: image] is off, and discharging occurs when both [image: image] and [image: image] are off. When [image: image] is off and [image: image] is on, it is in the standby mode. In the standby mode, no energy is transferred. The power of EVs is described using Eqs 6, 7 as follows:
[image: image]
[image: image]
[image: Figure 3]FIGURE 3 | Structure of the charging pile.
Here, the power [image: image] of the EV is denoted as [image: image], the current and voltage of the electric vehicle battery are characterized as [image: image] and [image: image], and the total control of the electric vehicle is represented as [image: image].
The charging and discharging control of EVs is displayed in Figure 4. EV charging is standard, but discharging is based on the SOC at the V2G mode of operation. Charging of the EV battery is described using Eq. 8 as follows:
[image: image]
[image: Figure 4]FIGURE 4 | Electric vehicle (A) Battery management system, (B) Charging and discharging controller.
Here, rated charging power is represented as [image: image] battery, and SOC is given using Eq. 9 as follows:
[image: image]
Here, the EV SOC is denoted as [image: image], and the rated and actual capacity of the EV are represented as [image: image] and [image: image], respectively.
3.3 Superconducting magnetic energy storage
The safe operation of EV batteries is essential, but PSC operation does not provide stable operation when the grid fluctuates or faults occur. The SMES is linked in parallel with the distribution lines using a converter. This converter, adopting a voltage source converter type with a DC chopper, plays a crucial role in the system. Control of the system is facilitated by three regulators, each dedicated to managing specific aspects: the DC-link voltage, power exchange with the SMES, and the AC-currents within the inverter. The regulators overseeing power flow and AC-currents operate in a cascaded manner, while the DC-link voltage controller operates independently, ensuring that the voltage remains constant with the assistance of the SMES (Patel et al., 2020). SMES is utilized to transfer energy with high power density. Using the modes of operation, it controls DC-link voltage. The SMES and its percentage are presented in Eqs 10, 11, respectively, which are as follows:
[image: image]
[image: image]
Here, the equivalent inductance, actual and rated capacity of SMES are denoted as [image: image], esmes, and esmesN respectively. Figure 5 displays the control of SMES.
[image: Figure 5]FIGURE 5 | Control of SMES.
4 PRINCIPLE AND CONTROL OF THE UPQC
The UPQC is integrated into both the PSC and SSC and linked through a DC-side capacitor. The SSC is connected to the grid via three coupling transformers. The introduction of compensating voltage on the grid side effectively resolves power quality issues. Addressing the load-side concerns involves connecting the PSC in parallel to the PCC and generating compensating current to mitigate the load-side problems. An LC filter is appended to both side converters. The collaboration of both SSC and PSC collectively manages the power quality issues for both the load and grid sides.
4.1 Control of the series-side converter
The proposed methodology involves a three-phase system and does not account for the zero-sequence component. Figure 6 illustrates the control of the SSC based on the suggested approach. The proportional–integral (PI) controller (Mansor et al., 2020) receives the error between the actual and reference load voltages. The proposed technique optimally tunes the PI controller, and the output is subjected to dq to abc transformation. Subsequently, the compensated voltage is generated and fed into the pulse width modulation (PWM) generator. This PWM generator produces signals for the switching of the SSC, effectively controlling the system voltage.
[image: Figure 6]FIGURE 6 | Control of a SSC based on the proposed approach.
The active and reactive power of the grid and SSC are expressed using Eqs 12, 13 as follows:
[image: image]
[image: image]
Here, the total active power of the grid is denoted as [image: image], total reactive power of the grid is denoted as [image: image], total active power of the SSC is denoted as [image: image], total reactive power of the SSC is denoted as [image: image], fundamental positive sequence of the grid power is represented as [image: image], negative sequence of the grid power is represented as [image: image], harmonic power of the grid is denoted as [image: image], fundamental positive sequence of the SSC power is denoted as [image: image], negative sequence of the SSC power is represented as [image: image], and harmonic power of the SSC is represented as [image: image]. The final power of the transformer is [image: image], and [image: image] is achieved by power transfer between the grid and SSC.
4.2 Control of the parallel-side converter
The control strategy for the PSC in accordance with the proposed technique is depicted in Figure 7. The PSC control mechanism is designed to detect load current harmonics. Utilizing the proposed method, the compensated current (Leon et al., 2011) is generated. This equalized signal is then directed to the hysteresis current controller to generate the switching signal.
[image: Figure 7]FIGURE 7 | Control of a PSC based on the proposed approach.
Using the Parks transform, the dq component of load current is obtained. The LPF is utilized to attenuate the harmonic element of AC. If the supercapacitor controls the DC voltage, then power transfer to the grid is achieved by PSC control. Based on the grid voltage, the reference current is described using Eq. 14 as follows:
[image: image]
Here, the power of the DC sub-grid is denoted as [image: image]; the reference current for the power control is represented as [image: image]. When sending [image: image] to the controller, it transmits the active power for generating the switching signal. If SMES is not operated correctly, then the difference [image: image] is given to the PI controller of the PSC that generates current for controlling the DC voltage. The [image: image] is utilized to control active power, and DC-side voltage is governed by the PI controller. The reactive power value is considered zero to compensate for the reactive power. The dq axis reference current is expressed using Eqs 15 and 16 as follows:
[image: image]
[image: image]
The reference load current is achieved by Eq. 17, which is as follows:
[image: image]
The active and reactive power of the grid and PSC are described using Eqs 18 and 19 as follows:
[image: image]
[image: image]
Here, [image: image] specifies the net active power of the load, the total reactive power of the load is denoted as [image: image], the total active power of the PSC is denoted as [image: image], the total reactive power of the SSC is denoted as [image: image], the fundamental positive sequence of load power is specified as [image: image], the negative sequence of load power is denoted as [image: image], the harmonic power of the load is denoted as [image: image], the fundamental positive sequence of PSC power is denoted as [image: image], the negative sequence of PSC power is represented as [image: image], and the harmonic power of the PSCs is represented as [image: image]. When the power is transferred between the PSC and load, it can be represented using Equation 20:
[image: image]
Through the grid and PSC, all active and reactive powers of load are obtained.
5 PROPOSED GBDT–JELLYFISH APPROACH FOR PQ IMPROVEMENT IN UPQC-BASED EVCS
To enhance the power quality of the EVCS system based on the UPQC, the GBDT–JS technique is introduced. Through the UPQC converter control, the power quality is improved, and the constant maintenance of the DC-link voltage is ensured. The system incorporates SMES to store energy efficiently. The utilization of the V2G function is considered to minimize the grid load. A detailed explanation of the proposed technique is provided below.
5.1 Generation of control signals based on the jellyfish search approach
The meta-heuristic approach employed in this research, known as JS, draws inspiration from the characteristics of jellyfish in the ocean. Consequently, it is termed the artificial jellyfish search optimizer. This approach incorporates features such as the passive and active motion of a jellyfish swarm, ocean currents, switching movements, and jellyfish convergence (Chou and Truong, 2021). The formulation of the jellyfish search approach is guided by three rules, wherein it follows movements within the swarm. Similar to how jellyfish move in the ocean in search of food, it adheres to a time-order control, encompassing switching movements. The JS is attracted to locations abundant in food resources. This manuscript demonstrates the utilization of jellyfish search to generate system control signals for regulating current and voltage, as well as for reference generation. The stepwise procedure of JS is elucidated as follows:
Step 1: Initialize the parameters
Initializing the system input parameters. The initial location of jellyfish search includes the control vector, state vector, and disturbance vector for the systems. The parameters, such as DC voltage and power demand, and PI parameters, such as [image: image] and [image: image] qualities, are considered.
Step 2: Randomly generate parameters
After the initialization process, input parameters are generated randomly. Here, the highest fitness values are chosen within the jellyfish swarm depending on the location of food and the fitness role. The randomly generated parameters are described using Eq. 21 as follows:
[image: image]
Here, the gain parameter is denoted as [image: image].
Step 3: Fitness function calculation
The fitness function depends on the objective function. Thus, fitness functions are generated using Eq. 22 as follows:
[image: image]
Step 4: Control time calculation
Its value is random, which varies from 0 to 1 over time and provides c(t) as the control function. c0 represents the constant. The time control functions are shown in Eq. 23 as follows:
[image: image]
where [image: image] represents the value of the iteration concerning time and is denoted by a number. [image: image] represents the maximum number of iterations.
Step 5: Update the parameters
Update all parameters based on the movement of jellyfish in the ocean, as they move within a jellyfish swarm.
Step 5.1: Jellyfish follow the ocean current
If control times are equal to or greater than 0.5, then the jellyfish follow the ocean current. Hence, this ocean current is explained using Eq. 24 as follows:
[image: image]
Here, [image: image] specifies that the jellyfish are currently in the swarm’s finest location, representing the distribution coefficient and the location of every jellyfish. The location is modified using Eq. 25 as follows:
[image: image]
Step 5.2: Jellyfish move inside the jellyfish swarm
The jellyfish move in the swarm if the control time is reduced below 0.5. Therefore, it can be denoted using Eq. 26 as follows:
[image: image]
The lower and upper side bounds for search space are represented as [image: image] and [image: image]. So, the direction of jellyfish is determined using Eq. 27 as follows:
[image: image]
Then, the location is updated, and it is represented using Eq. 28 as follows:
[image: image]
Step 6: Checking the boundary and stopping the condition
When the parameter meets the boundary condition and criteria for stopping, it determines its optimal control signal; otherwise, it returns to step 3.
5.2 Prediction of the control signal by GBDT
GBDT enables the optimization of functions and provides values for optimized data. The GBDT strategy employs a prediction model to categorize the invalid parameters within the decision tree. Similar to other methods, it iteratively builds and refines step-wise decisions, facilitating the optimization of any loss function. The primary objective of the GBDT algorithm is to construct a set of weak base classifiers into robust classifiers (Kannan et al., 2022). This research establishes global convergence for systems. The stepwise procedure for GBDT is elucidated as follows:
Step 1: Initialization of the parameters
The input vectors are initialized from the output of the JS approach. Then, the initialized parameters are described using Eq. 29 as follows:
[image: image]
where [image: image] represents the predicted label.
Step 2: Calculate the objective function
The objective function is computed by evaluating the power demand using Eq. 30. When the power on the load side is notably above zero, the demand capacity is allocated to both SOCs less than 50% in the battery, and regenerative braking is employed for charging the superconducting magnetic energy storage.
[image: image]
Step 3: Finding the boost function
Iteration increases. The number of iterations is denoted by C, where C = 1, 2, 3,… n, and it executes steps (a) to (d). It calculates negative gradients from the loss function, and it is computed using Eq. 31:
[image: image]
Step 4: Finding the best test data
All leaf nodes are depicted as [image: image], and the best sample data [image: image] is calculated using Eq. 32 as follows:
[image: image]
The new sample dataset [image: image] is used as a new label for the sample [image: image], [image: image], and the creative tree method contains the leaf node [image: image].
Step 5: Finding the fitness function
With the lessening loss function, the fitness function is measured. Thus, it is expressed using Equation 33:
[image: image]
Step 6: Updating
The values are updated, and this is expressed using Eq. 34 as follows:
[image: image]
The gradient-boosted decision tree algorithm is employed to obtain the optimal output based on the fitness function. The current and voltage of the system are regulated using the proposed optimal control signal.
6 RESULTS AND DISCUSSION
This section entails a performance analysis of the proposed technique. The manuscript presents a novel approach to alleviate power quality issues through a hybrid GBDT–JS strategy. The flowchart for the JS–GBDT technique is depicted in Figure 8. This innovative approach is employed to mitigate the impact of electric vehicles on grid integration while enhancing V2G functionality. The UPQC-based EVCS is introduced, amalgamating various V2G functions. UPQC is integrated with photovoltaics to fulfill power demand by minimizing the power rating of converters. The efficacy of the proposed technique is evaluated using MATLAB, and a comparative analysis with the existing methods is conducted. The assessment of the proposed method encompasses three scenarios: UPQC-EVCS in power quality control, V2G-based analysis, and load-connected PCC-based analysis.
[image: Figure 8]FIGURE 8 | Flowchart of the JS–GBDT technique.
6.1 Case 1: analysis of the performance of the proposed method based on UPQC-EVCS in power quality control
The grid current and voltage analysis are displayed in Figure 9. The system’s voltage varies from −300 to 300 V at 0–0.5 s, as shown in subplot Figure 9A. The system’s current varies from −200 to 200 A at 0–0.2 s, as shown in subplot Figure 9B. The voltage is increased from 0.2 to 0.3 s; that is, the voltage sag is again changed to the normal of −200 to 200 A at 0.3–0.5 s. An investigation of load current and voltage is displayed in Figure 10. It is varied, like the grid voltage and current. An analysis of the SSC voltage is depicted in Figure 11. The system’s voltage varies from −70 to 70 V in 0–0.3 s. At 0.3–0.4 s, the voltage is increased from −99 to 99 V. At 0.4–0.5 s, it again varied from −70 to 70 V.
[image: Figure 9]FIGURE 9 | Investigation of the grid: (A) voltage and (B) current.
[image: Figure 10]FIGURE 10 | Investigation of the load: (A) voltage and (B) current.
[image: Figure 11]FIGURE 11 | Investigation of the SSC voltage.
An investigation of phase A (a) grid voltage, load, and SSC and (b) grid current, load, and PSC is displayed in Figure 12. An analysis of the voltage of the grid, load, and SSC is illustrated in subplot Figure 12A. Here, blue represents the load voltage; green represents the SSC voltage, and red represents the grid voltage. The load and grid voltage are nearly the same, and the SSC voltage becomes 0 at 0–0.3 s. At 0.3 s, the SSC voltage varies from −100 to 100 V at 0–0.4 s. An analysis of the current of the grid, load, and PSC is illustrated in subplot Figure 12B. Here, blue represents the load current, green represents the PSC current, and red represents the grid current. The sag occurred at 0.2 to 0.2 s using the proposed technique; the sag is compensated and provides the optimal output. At the sag condition, the current of PSC varies from −100 to 100 A at 0.2–0.3 s.
[image: Figure 12]FIGURE 12 | Investigation of phase A (A) voltage of grid, load, and SSC and phase B (B) current of the grid, load, and PSC.
6.2 Case 2: performance investigation of the proposed method based on V2G-UPQC with the lowest volt–ampere effectiveness
An analysis of the hybrid technique based on the V2G connection with minimum volt–ampere loading is conducted. The comments of grid voltage and current are displayed in Figure 13. The grid voltage is represented as the subplot in Figure 13A. The voltage varies from −300 to 300 V at 0–0.1 s, and then a swell occurs at 0.1–0.4 s; that is, the voltage lessens from −250 to 250 V. Again, the voltage is increased at a particular range. The current of the grid is displayed in the subplot of Figure 13B. The current varies from −500 to 500 A from 0 s to 0.1 s. Again, it increases to 900 A at 0.1 s–0.2 s and then reduces step by step, and finally, the current varies from −500 to 500 A at 0.4–0.5 s. An analysis of load current and voltage is displayed in Figure 15. Load voltage is represented as a subplot in Figure 14A. The voltage varies from −300 to 300 V at 0–0.5 s. The load current is represented in the subplot of Figure 14B. The current varies from −900 to 900 A at 0 s–0.5 s. An investigation of (a) SSC voltage and (b) PSC current is displayed in Figure 15. SSC voltage varies, and sags are compensated using offset voltage generation. The PSC current varies from −250 to 250 A at 0–0.1 s, and then it is reduced and varies from −180 to 180 A at 0.2–0.3 s.
[image: Figure 13]FIGURE 13 | Analysis of the grid: (A) voltage and (B) current.
[image: Figure 14]FIGURE 14 | Investigation of the load: (A) voltage and (B) current.
[image: Figure 15]FIGURE 15 | Investigation of (A) SSC voltage and (B) PSC current.
An analysis of DC voltage control is displayed in Figure 16. From Figure 16, it is proven that the SMES controls the DC voltage. Without SMES, the DC voltage is highly varied. Using SMES, the voltage is constant, i.e., 800 V at 0.2 s–1 s. An analysis of the active and reactive power of (a) PSC and (b) SSC is displayed in Figure 17. The active power of PSC is higher than that of the active and reactive power. In addition, the SSC provides high active power. An analysis of the active power and reactive power on the load and grid power on the PV and EV is displayed in Figure 18. The reactive power of the grid is zero, but the reactive power of the load is 100 W. The active power of the load is 300 W, and the active power of the grid varies from 200 to 270 W. Hence, using the proposed technique, high power of the system is obtained, and it reduces the burden on the grid using EVs. The power of the PV and EV is displayed in Figure 18B. The PV power is −80 kW, and EV1 and EV2 are charging at rated power.
[image: Figure 16]FIGURE 16 | Analysis of DC voltage control.
[image: Figure 17]FIGURE 17 | Analysis of the active power and reactive power of (A) PSC and (B) SSC.
[image: Figure 18]FIGURE 18 | Analysis of the (A) active and reactive power of the load and grid and (B) power of PV and EV.
6.3 Case 3: performance analysis of the proposed technique based on UPQC under compensation mode and condition changes
An analysis of the performance of the proposed technique is conducted based on UPQC under compensation mode and conditional changes. An analysis of grid voltage and current is displayed in Figure 19. The grid voltage is represented as a subplot of Figure 19A. The voltage varies from −300 to 300 V at 0–0.1 s, swells at 0.1–0.2 s, and then reduces to −250 to 250 V in 0.2–0.4 s. Again, the voltage is increased in a certain range. The current of the grid is displayed in the subplot of Figure 19B. The current varies from −400 to 400 A at 0 s–0.1 s. Again, it increases to 700 A at 0.1 s–0.2 s, then it reduces step by step, and finally, the current varies from −400 to 400 A at 0.4–0.5 s. An analysis of load current and voltage is displayed in Figure 20. Load voltage is represented as a subplot in Figure 20A. The voltage varies from −300 to 300 V at 0–0.5 s. The current load is displayed in the subplot of Figure 20B. The current varies from −900 to 900 A at 0–0.5 s. The voltage of the SSC and current of the PSC are displayed in Figure 21. The SSC voltage varies, and sags are compensated using the compensated voltage generation. The PSC current varies from −300 to 300 A at 0–0.1 s, and then it reduces and varies from −200 to 200 A at 0.1–0.2 s. An analysis of phase A voltage and current for grid load and SSC is displayed in Figure 22A. Here, blue represents the load voltage, green represents the SSC voltage, and red represents the grid voltage. The load and grid voltage are nearly the same, and the SSC voltage becomes 0 at 0–0.1 s. SSC voltage varies from −100 to 100 V at 0.1–0.7 s.
[image: Figure 19]FIGURE 19 | Analysis of the grid: (A) voltage and (B) current.
[image: Figure 20]FIGURE 20 | Investigation of the load: (A) voltage and (B) current.
[image: Figure 21]FIGURE 21 | Investigation of (A) SSC voltage and (B) PSC current.
[image: Figure 22]FIGURE 22 | Analysis of phase A (A) voltage of grid, load, and SSC. (B) Analysis of DC voltage control.
An analysis of DC voltage control is displayed in Figure 22B. The SMES controls the DC voltage, as shown in Figure 23. Without SMES, the DC voltage is highly varied. Using SMES, the voltage is constant, i.e., 800 V at 0.2 s–1 s. An analysis of the active powers and reactive powers of PSC and SSC is displayed in Figure 23. Compared to both active and reactive power, the active power of PSC is high. In addition, the SSC provides high active power. An analysis of the active powers and reactive powers for the load side, grid side, and power for the PV and EV is displayed in Figure 24. The reactive powers of the grid are 0, but the reactive powers of the load are 110 W. The active power of the load is 300 W, and the grid’s active power varies from 200 to 260 W. Hence, the proposed technique obtains high power and reduces the burden on the grid using EVs. The power of the PV and EV is displayed in Figure 24B. The powers of the PV are varied up to −20 when EV1 and EV2 are charging at rated power. THD of the proposed technique is 0.9%, and for the existing processes, such as GWO, ATLA, and NPO, THD becomes 4.32%, 2.08%, and 1.43%, respectively, as recorded in Table 1. This concludes that the proposed technique has lower THD than that in the existing literature.
[image: Figure 23]FIGURE 23 | Analysis of the active and reactive powers of (A) PSC and (B) SSC.
[image: Figure 24]FIGURE 24 | Analysis of (A) active and reactive powers of the load and grid and (B) power for PV and EV.
TABLE 1 | Percentage of THD by various methods.
[image: Table 1]7 CONCLUSION
This manuscript proposes a hybrid GBDT–JS technique for increasing power quality. The proposed system is incorporated into UPQC, EVCS, PV, and SMES. The UPQC is utilized to control the direct current of voltage, voltage fluctuation, and current at the grid side. Using the proposed approach, the UPQC converters are controlled and provide an optimal outcome. In addition, various controls of the system’s voltage, current, and THD are minimized. Moreover, the proposed approach is utilized to solve the grid integration problem with PV and EVs controlling the power on both the load and grid sides. The battery of the EV is protected by a battery management system that allocates power based on SOC. SMES is utilized to maintain stable DC power. This proposed technique is implemented in MATLAB or Simulink tool, and the performance of the proposed technique is compared with various existing methods, such as GWO, ATLA, and NPO. This proposed technique is examined in three cases: control power quality problem, V2G function-based analysis, and compensation mode with condition changes. The simulation outcome concludes that the power quality problems, like the compensation of active power support of reactive power, are effectively solved using the proposed technique. The simulation results show that the proposed technique’s THD is 0.9%, which is lower than that of the existing techniques, such as GWO (4.32%), ATLA (2.08%), and NPO (1.43%). The losses under the sag condition are minimized using the proposed method.
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